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Abstract. Weexamined the escape behavior of larvae and

postlarvae of the American lobster (Homarus americanus)

and of adult immature (stage ADI) crayfish (Cherax de-

structor). Responses to standardized water jet stimuli deliv-

ered through a pipette were observed and analyzed. Lobster

larvae did not respond to stimuli within 60 ms, indicating

that they do not have functional giant fibers. The first

movement by lobster larvae in response to water jet stimuli

was a hyperextension of the abdomen. Larval escape re-

sponses also showed very little habituation. Postlarval lob-

sters and ADI crayfish showed the same range of responses

as adult animals. Displacement efficiency of tailflicks ex-

hibited by the different animals and stages was examined

and related to the morphology of the animals. A separate

behavior from tailflicking by larval lobsters in response to

water jet stimuli was also observed. Here, the abdomen was

hyperextended and the thoracic appendages were promoted.

We termed this behavior a "starburst" response. The fea-

tures of the tailflicking behavior suggest that it evolved to

make the larvae difficult prey to handle for small, slower

moving predators, and possibly to allow them to ride the

bow waves of faster moving predators.

Introduction

Adult lobsters (Homarus americanus) and crayfish

(Cherax destructor) escape from threats by predators and

conspecifics by executing rapid, rhythmic flexions and

extensions of the abdomen in a behavior commonly
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called tailflicking. This behavior has been studied over

several decades both because of its intrinsic importance

to the behavioral ecology of the animal and because of

the insights it can provide into the neuroethology of

escape (see recent review by Edwards et al., 1999).

Crayfish, mainly Procambarus clarkii, have been partic-

ularly well studied (last reviewed by Wine and Krasne,

1982), but there are also data on some other species such

as the Norway lobster (Nephrops non>egicus: Newland

and Neil, 1990), the hermit crab (Pagurus pollicarus:

Umbach and Lang, 1981), the American lobster (H.

americanus: Davis and Davis, 1973; Govind and Lang.

1976; Lang et al., 1977) and the Australian crayfish (C.

destructor: Cooke, 1985; Cooke and Macmillan, 1985;

Davey and Macmillan, 1991).

Because of this extended series of investigations, we

know a great deal about tailflicking behavior and its neuro-

nal basis. Three types of escape tailflick have been de-

scribed: the medial giant (MG) tailflick, the lateral giant

(LG) tailflick, and the nongiant (NonG) tailflick. The names

refer to the involvement or otherwise of the giant axon, or

fiber, systems that run the length of the ventral nerve cord in

many malacostracan crustaceans. The medial giant fibers

(MGFs) are activated by threatening stimuli to the head and

anterior end of the animal. The action potentials generated

travel posteriorly, synapsing as they go with sets of neurons

that promote the legs and flex all the abdominal segments.

The consequence is an MGtailflick in which the body is

streamlined and propelled linearly backwards. The lateral

giant fibers (LGFs) are excited only by mechanical stimuli

to the tail and posterior end of the animal. Action potentials

in the LGFs travel anteriorly but do not cause contractions

in the last two abdominal segments (i.e., the first two

segments through which they pass). Because only the ante-
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rior abdominal segments contract during an LG tailflick. the

animal pitches forwards and upwards so that its trajectorv

carries it appropriately away from the vicinity of the threat

(Mittenthal and Wine. 1973). The giant fibers appear to lux-

only once during any given escape episode, producii

trier a single tailflick or the first in a series of tail!'

which subsequent tailflicks do not involve the

(Shrarneck. 1970; Wine and Krasne. 197: < >85).

Tailflicks occurring in the absence of giant n ny are

called nongiant tailflicks. Because of the large .iiameter and

concomitant fast conduction vclocitv <l the giant axons.

there is no time for sensory feedback during luilflicks the\

trigger. Giant mediated tailflicks arc thei fore stcreotvped.

open-loop behaviors. Nongiant tailllicks occur with a num-

ber of sensory feedback loops operating, so they can van, in

form. They can, for example, somersault an animal back to

an upright position following an LG tailflick. mo\e an

animal in a curved path awa\ trom a threat, or otherwise

adjust the orientation of the animal in three-dimensional

space. Tailflicking escape behavior habituates rapidly to

repeated stimuli, so that adult animals typically fail to

produce a response to the tilth stimulus in a sequence of

stimuli spaced minutes apart (Krasne and Woodsmall,

1969).

Distinguishing between the three types of tailflick while

observing freely behaving animals is not necessanlv easv . It

is not yet clear how often giant liber tailflicks are produced

during extended periods of intermittent tailflicking such as

occur during antagonistic encounters between conspecific

males. LG flips are sometimes distinguishable when the

characteristic LG body position occurs in the lirst tailflick in

a series of flips. MGand NonG tailflicks are not distinguish-

able on body position alone. If the exact time at which a

tailflick was initiated by the threatening stimulus is known,

as in a contrived experimental situation, it is possible to

distinguish between giant and nongiant tailflicks on the

basis of the latency to the onset of movement. It movement

occurs within about 20 ms of the stimulus, the tailflick must

necessarily have been generated by giant liber activation.

Nongiant tailflicks appear only alter about 60 ms. and

usualK alter considerably longer (150 ms) intervals (Wine

and Krasne. 1972).

The tneral le.itures of escape tuilflicking discussed

above come trom studies of adult animals. Hut behaviors

that have evolved to increase the fitness of adults may not be

appropriate niles or larvae, which may face different

predator- m environments in which (he physi-

cally and hioi niicant features may be spatially

and temp- 1 ang << til. (1977). for example,

found that the thr i HIL' an escape response in

juvenile Amen , l\ increased as the animals

grew and as ilu 'cr claws with which to

defend themselves this change was an in-

creasing (endentv into ,i delense posture when

threatened hiicke (1984. 1986) described neurophysiolog-

ical changes accompanying these behavioral ones. Morpho-
1 changes during development are a particularly im-

poitant consideration in an animal like H. americanus in

which the lirst three stages are larval and pelagic. Not only

are the hodv proportions different than in later stages, but

thcv swim in an entirely different manner, using the exopo-

dites ol the walking legs rather than the pleopods of the

abdomen as small juveniles do (Herrick. 1909). These ex-

opodites are lost on the molt from the larval stage III to the

first postlarval stage IV. In contrast. (". destructor undergoes

direct development. It has no larval stages, and the young
have the same body shape as the adult, albeit with different

bodv proportions. In both species, the larvae and juveniles

ai e small, have different body proportions and locomotory

patterns and potentially different predators, so one would

expect the evolution of different escape behavior patterns

from those exhibited by the adult.

There is an extensive literature on the large-scale move-

ments of planktonic animals associated with their vertical

migration, aggregation, dispersal, and settlement, hut recent

studies have highlighted the importance of small-scale be-

havioral responses to their fitness and survival (Keough and

Downes. 1982: Haury and Yamazaki. 1995: I .en/ ci <//.,

1996). Here we report on the escape swimming and tail-

flicking behavior of the three larval and lirst postlarval

stages of the lobster. //. iinicrininii^. and of the posthatching

stage of the Australian crayfish. C. destructor, which is

similar in si/e to the larval stages of H. americanus. The

investigation was designed particularly to permit observa-

tions on the behavior of larval and juvenile animals to be

compared with the larger literature on adult behavior to

identify differences likely to reflect the different evolution-

ary selection pressmcv

Materials and Methods

Larvae of the American lobster. Homarus americanus,

were obtained from the lobster rearing facility at the New

Lngland Aquarium. Boston. Massachusetts: held in fresh

aeiaied seawaler at 8' C at the Marine Biological Labora-

tory. Woods Hole. Massachusetts; and fed Artemia twice a

day. Holding aquaria were cleaned every second day. Work

on the Australian crayfish. Clierax destructor, was con-

ducted at the Zoology Department. University of Mel-

bourne. Australia. Adult animals were obtained from a local

supplier, held in large aquaria maintained at 15 -17C. and

fed dry prawnfood pellets weekly. Gravid females were

isolated in 5-1 buckets and the first motile and independent

stage. ADI (adult immature following the nomenclature of

Sandeman and Sandeman
[

1991 1), was collected tor exper-

imentation.
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Experimental cells and water jet

The behavior of the animals was filmed in individual

acrylic plastic cells 40 mmwide X 40 mmlong X 20 mm
deep for larval and stage IV H. americamis, and 60 mm
wide X 60 mmlong X 15 mmdeep for ADI C. destructor.

Transparent walls allowed the video camera to be mounted

looking vertically down or horizontally across the cell. For

latency and habituation experiments, the animals were stim-

ulated with a water jet delivered through a Pasteur pipette

drawn to a fine tip (Schmitz, 1992). The pipette was con-

nected to an elevated water reservoir by a silicon tube with

a solenoid valve in the line. The duration of the jet (40 ms)

was adjusted by controlling the solenoid with an electronic

stimulator. The possibility of visual stimulation was re-

duced by using a fine clear pipette. Animals did not respond

to its slow approach or proximity in the absence of a water

jet. The amplitude of the water jet was controlled by ad-

justing the height of the water reservoir above the test cell.

Three heights were used, which we termed low (50-cm

elevation), intermediate (100-cm elevation), and high

(200-cm elevation). These three heights produced water jets

with velocities of 0.78 0.037 mm/ins. 1.11 0.007

mm/ms, and 1.48 0.038 mm/ms (mean one standard

deviation) respectively. The velocity, shape, and other char-

acteristics of the water jet were characterized and calibrated

by placing rhodamine dye in the reservoir and filming 10

jets.

Video filming

Videotapes were recorded with a Sony Hi8 video camera

and played back on a high-resolution video recorder with

single frame advance (Panasonic AG 6730). The camera

had a set frame speed of 50/s (i.e., a 20-ms sample rate) and

an adjustable shutter speed that could range from Viooo s to

'/5u s (allowing each frame to be exposed for 1 to 20 ms).

Slow shutter speeds ('/so s) were used for determining the

frame in which rapid movement first occurred because a

blurred image was produced. Faster shutter speeds (Viooo s)

were used when sharp images were required or when it was

important to determine how much movement had occurred

between frames; for example, when viewing the dye front in

water jet calibrations. White graph paper with 1-mm ruled

squares was placed behind or beneath the cell during filming

so that the animal's trajectory and speed of movement could

be measured directly from the video image on a flat-screen

monitor. Only tailflicks that took place in the plane perpen-

dicular to the video camera were analyzed, and were easily

identified. The behavioral recordings were played back

frame by frame, and individual frames were selected for

measurement, drawing, or other analyses. To measure the

distance traveled by a tailflick, tracings of the animal's body
were taken from the flat screen monitor relative to a selected

point on the gridline background. The eye was chosen as a

reference point on the animal for calculation of the linear

distance traveled. However, the limitation of this method

when calculating the distance traveled by LG tailflicks must

be recognized, as the rotational component of this tailflick is

not taken into account.

A light-emitting diode (LED) was placed in the field of

view and connected to the delayed pulse output of the

stimulator. By delaying the LED flash for a short interval

after the signal that opened the solenoid valve, and placing

rhodamine dye in the stream during calibration trials, we

were able to synchronize the LED flash with the emergence
of the clear stimulus stream from the end of the pipette

during experiments. The only requirement for the accuracy

of this method was that the distance between the tip of the

pipette and the animal be constant at the moment the stim-

ulus was triggered. This was standardized with the animal

relative to the gridline background and checked on the video

record; samples in which this condition was violated were

discarded. Accuracy became less of a problem as we be-

came experienced at manipulating the animals and the pi-

pette.

Histology

Animals were fixed in Bouin's fixative, embedded in

wax, sectioned at 7 /xm, and stained with Mallory's triple

stain for viewing on a light microscope equipped for mi-

crophotography.

Morphological measurements

Abdominal measurements were taken by pinning fixed

animals out on an agar plate, and measuring dimensions

through a graticule in a 10x eyepiece mounted on a dis-

secting microscope. Abdominal lengths were taken from the

tip of the telson (including the setae for stages III and IV

H. americanus and ADI C. destructor) to the anterior edge

of the first abdominal segment.

Results

Time inten'al benreen stimulus and movement and

form of the movements

Images of body position over time during tailflick re-

sponses by larvae and stage IV postlarvae of Homanis

americanus showed that larval responses to our water jet

stimulus differed in many ways from those of stage IV

juveniles (Fig. 1 ). First, and most noticeably, the latency

between the stimulus and the first tailflick movement

was different. Latency data were compared by one-way
ANOVA, followed by a Student-Newman-Keuls test for

multiple contrasts. The earliest sign of movement in re-

sponse to the water jet was never seen before 60 ms in the

three larval stages, and was usually much later and very

variable (mean 139 116 ms) (Table 1). There was no
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Figure 1. Comparisons of latency lo response and initial escape move-

ments by Homarus americanus at three stages of development: stage I

larva, stage IV postlarva. and adult. The larval escape response is the same

irrespective of stimulus direction and larval stage, so a representative stage

I response is shown. Although stage IV animals are able to respond to

anterior and posterior stimulation with medial giant fiber (MG) and lateral

giant fiber (LG) tailflicks as shown here, most responses observed during

this study were of nongiant fiber origin. None of the three larval stages

displayed tailflicks that could be attributed to giant fiber activity. The

blocked stimulus used on the stage I larva and the adult animals represents

a mounted pin and a metal rod respectively. The clear stimulus used on the

stage IV postlarva represents a water jet stimulus. Note the comparative

speed with which stage IV animals are able to complete MGand LG flicks

compared to the adult. This is due to the relatively shorter distance the giant

fiber action potential travels in smaller animals.

difference in escape latency among the three larval stages

(P > 0.3). Because of this absence of responses faster than

20 ms, we concluded that the three larval stages of H.

americanus do not possess functional giant fiber tailflicks.

In contrast, stage IV juveniles exhibited two classes of

escape flip that started within 20 ms. The speed of these

responses is Comparable with the values for giant fiber

tailflicks m the literature (see Wine and Krasne, 1972) and

with our own him measurements of adult H. americanus

(data not shown i I urthermore, the MGFand LGF tailflick

body movements <

(early distinguishable when the

stimulus was applied to inc anterior and posterior ends of

the animal respecmdy (Fif 1
I, ami they were characteristic

of the trajectories produced by MGand LG tailflicks (Wine.

I"s4i. From these results we concluded that stage IV H.

americanus has functional giant fiber tailflicks. Giant fiber

flicks by stage IV H. americanus had tailflick latencies

significantly faster (P < 0.0001) than those of the larval

stages. Stage IV juveniles did not. however, usually respond
to the water jet stimulus with a giant-fiber-mediated tail-

flick, and another class of responses with longer latencies

indicated that they could also produce NonG tailflicks (Ta-

ble 1). On average, these NonG tailflicks had a latency

significantly longer than the mean latency of each of the

larval stages (P < 0.0001).

Another striking difference between the responses of the

larval stages and stage IV animals was that the first move-

ment seen following the long response time was invariably

an extension of the abdomen rather than a flexion (Fig. 1).

We termed this movement a hyperextension because the

abdomen was curved back dorsally. apparently as far as the

segmental joints would allow. In all three larval stages,

abdominal hyperextension prior to a tailflick was far greater

than any degree of extension achieved by stage IV postlar-

vae. Furthermore, once maximum hyperextension had been

reached, this position was held for an average of 1 27 7 ms

before flexion, and therefore displacement, began. If a larva

made a second flick, that also was usually preceded by a

hyperextension. If there were subsequent tailflicks. abdom-

inal extension resembled that of postlarvae and did not

involve a hyperextension. All three larval stages showed

this behavior.

ADI Cherax destructor produced tailflicks in which

movement was well under way in less than 20 ms. As in

stage IV H. americanus, these tailflicks were concluded to

be of giant fiber origin due to their short latency and

characteristic trajectories. ADI C. destructor also produced

Table 1

Escape latencies to water jet stimulus fry Homarus americanus

and Cherax destructor

Species
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NonG tailflicks with latencies of 60 ms or more. On aver-

age, ADI NonG tailflicks had latencies significantly shorter

than H. americanus larvae and stage IV NonG tailflicks

(P < 0.001). The latency and types of responses exhibited

by ADI animals in response to water jet or mechanical

stimuli were similar to those of adult animals (Fig. 2). Giant

fiber tailflicks were also elicited far more regularly than in

stage IV H. americanus: 89.4% of C. destructor tailflicks

were due to giant fiber activation, but only 5.4% of H.

americanus tailflicks were of a latency short enough to be

attributed to giant fiber activity.

Trajectories and distances traveled following the

different types of tailflicks

Unlike the MGand LG tailflicks of stage IV H. ameri-

canus and ADI C. destructor, the direction of an incoming

stimulus or the location of first contact with the body did not

appear to determine the trajectory of the path followed by

the larvae of H. americanus during tailflick sequences;

tailflicks appeared to be made in random directions. Statis-

tical tests on the distance-traveled data were made by one-

way ANOVA, followed by Student-Newman-Keuls tests

Prc-

Stimulus

Oms

20ms

40ms

Minis

80ms

ADI (MG) ADI (LG) Adult (MG) Adult (LG)

Figure 2. Comparisons of latency to response and initial escape move-

ments by Cherax destructor at two stages of development: ADI and adult.

ADI animals respond to anterior and posterior stimulation with essentially

the same form of response shown to be due to medial giant fiber (MG) and

lateral giant fiber (LG) activity in adult animals. Posterior and anterior

stimulation were applied with a water jet to an ADI animal, and with a

metal rod to an adult. Note the comparative speed with which ADI animals

are able to complete MGand LG flicks compared to the adult. This is due

to the shorter distance the giant fiber action potential travels in smaller

animals.

Table 2

Summary table of distance travelled on the first flick by Homarus

americanus stages I, II, III. and IV and Cherax destructor ADI

Species
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:o

18

I (.

I 4

First Hick

Second Iliik

n=14
n=10

Hianarus

stage 1

Cherax
i.itv Mil

(MG)

.V Distance traveled on the tirst two consecutive tailflicks following stimulation by Hiniinnn

americanus i st.iges I to IV i and ( 'In-i'ti < di-Mrm inr ( ADI ) Larvae and stage IV of H. americanus were stimulated

with a mounted needle; t". destructor was stimulated with a water jet. Medial giant (MG) and Lateral giant (LG)

flips were elicited in stage IV // umcricanus and C. destructor by stimulating anteriorly and posteriorly

respective!) Distances thai ditler signilicantly (P < 0.05) between the first and second flip are topped by a

hon/ontal bar. trror bars are standard deviations of the mean. Data were tested tor differences between the lust

and second Hick within each stage by a two-tailed / test.

exopodites that are used b\ the larval stages to remain in the

water column presumably increase drag during tailllicking.

A one-way ANOVAfollowed by a Student-New man-

Keuls test tor multiple comparisons was used lo test for

differences between abdominal lengths: abdominal length is

presumably a gross reflection of the muscle mass available

for flexion. Interestingly, the abdominal length ot stage I

larvae of H. americanus does not differ significantly from

that of ADI C. destructor (P = 0.064). although the latter

are able to travel 6.5 times farther on the lirst tailllick (Fig.

3 i. In larvae of Stages II, III. and IV. the abdomens are

siiinilicanlh longer than in stage I (f < 0.0001; Table 3.

Fig. 5).

'

the Jihcr\

Transverse sections of the ventral nerve cord of the

mid-abdomen of H. iinii'riciinu.'i larvae showed clear evi-

ExU

B

EnU

ExU

EnU

ExU

in J. Ventral abdominal view nl //nmnru.v americanua stages IV. III. II. and 1 i A I) respectively) and

01 ADI (K). Note the increase in si/e that accompanies each successive molt in H. americanus,

III larvae that the endopodite (HnU) and cxopodite (KxU) of the uropod lirst appear. These

licks more efficient and propel the animal a significantly greater distance than stage I or

m e in si/e between // .inn-in 111111* stage IV abdomens and C. destructor abdomens.

in i- distance as stage IV postlarvae, and over 6 times farther than stage I H.

i pods in stage IV // nun-Hi unu.i and C. destructor have been omitted for cl.u nv

s mm
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Table 3

Ttiilfun anil abdominal dimensions for Homarus americanus and Cherax

destructor

Species Stage

Tailfan width in mm Abdomen length in mm
(mean SD) (mean SD)

H.
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B
MG.

Sections <~ /xnn of ventral nerve cords taken mid-abdomen,

lived in Bourn's fixative, and slained with Mallory's triple stain. Scale

)0 jim ' \i Sections taken from llnin,iiii\ nmeruunii\ larvae were

1C irrespective of lar\al stage, sn .1 representative stage II section is

shown. Note the proininenl medial L'lani i\l(ii libers and the absence of

lateral giant (LG) fibers. (B) Section of Cln-nn de\truetor ADI ventral

nerve cord clearly show ins; the medial (M(ii and Literal giant (l.fil libers

any difference in the number of tailflicks over time to the

stimulus intensities used (Table 411 1. ADI animals

would typically respond with the same number of tailllieks

on the (>0th stimulus as on the lust. This is reflected in the

ely low r value (Fig. 8E).

Olhi-i

II aim ricanu larvae did not always respond to the water

Occasionally a different response was

observed in which the abdomen was hyperextended (as in

the hypi-ii.- .lini: ; , uiiltlick described above).

the thora-.
II)

.mil the chelipeds and

pereiopods thru I Ins position was often main-

tained for as lor i slim retraction of ilk-

abdomen, thorax. rj IgCS, We termed ilns

of
1);. ;

id l.ileial extension of the

appendages "starburst" behavior. Starburst responses were

not observed as often as tailflicks, but they occurred fre-

quently enough to be of interest. Of the three possible

.espouses (tailflick. starburst. or no response), starburst be-

iia\ ior occurred 13%, 21%, and 8% of the time for stage I,

II. and III larvae respectively. Stage IV postlarvae and ADI
( itfstructor did not exhibit starburst behavior.

The LG tailflicks evoked by posterior stimulation of ADI
('. ilt'\tniftur were often followed by a sequence of NonG
tailflicks that carried the animal upward away from the

bottom of the experimental tank. The animal would then

sink slowly with its appendages extended. In larger holding

aquaria, where objects such as PVC piping and rubble was

present, the sinking trajectory appeared to be monitored by
the animal to allow it to land on such objects. If the sinking

trajectory needed adjustment to allow this to occur, the

animal would initiate another tailflicking sequence (presum-

ably NonG. although we have no way of knowing this) to

bring it over the apparently desired landing site. When
stimulated anteriorly, ADI animals produced MGflips that

carried them in a flat trajectory backward and almost always
occurred without further NonG flips.

Discussion

The tail flick ing behavior of the larvae of Homarus ameri-

fiiint* differs in a number of ways from that of juvenile and

adult animals. Some of the differences revealed by our study

are likely to reflect the different environments in which the

animals live. One of the most interesting findings is that the

larval stages do not exhibit giant fiber tailflick responses

even though they have large medial giant fibers. This.

coupled with the fact that the trajectory is not predicted by

the location of the stimulus, suggests that tailflicking be-

havior in //. iiiiH'rifiinns larvae may advantage the animals

in ways other than those normally associated with the be-

havior in adult animals. Our results suggest some possibil-

ities. The hyperextension may be an important clue. The

larvae remain in the water column and move slowly by

beating the external rami, exopodites. of their biramous

limbs (Hunis. I

1
)

1
)?). The exopodites are paddle-like, with a

fringe of setae (Herrick. 1909). and while this is an efficient

arrangement for slow swimming (Laverack el <//.. 1976;

Macmillan ci til., 1976; Neil et /.. 1976). it is likely to

Table 4

Repented mi'a\ures ANOVAperformed on Homarus amencanus and

Chera.x destructor liuhituuiuin i

Species Interaction
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14

12

10

I

* Low intensity

Intermediate intensity

A High intensity

^~Log. (High intensity)

Log. (Intermediate intensity)

Log. (Low intensity)

Stimulus number

Figure 7. Mean number of tailflicks made by Homarus americanus in response to three stimulus intensities.

The responses from stages I to IV were pooled for each stimulus intensity. A total of 21 animals (at least 5 from

each stage) were stimulated at each intensity 20 times at 1-min intervals, and of these 1 1 (3 from stages I. II,

and IV and 2 from stage III) were stimulated a further 40 times at 1-min intervals. A repeated measures ANOVA
revealed that significantly more tailflicks are made in response to the high stimulus intensity for the first 20 min.

Logarithmic curves were fitted by Excel 5.0.

increase viscous drag during tailflicking behavior. Drag is a

significant issue in adult responses because animals reduce

it by actively streamlining the legs during MG tailflicks

(Cooke and Macmillan, 1985). The larval stages of H.

americanus are unlikely to actively streamline the exopo-

dites because the innervation and control of the limbs ap-

pears to be rudimentary (Hill and Govind, 1984; Macmillan,

1997). The hyperextension. a movement exhibited only by

the larval stages, preceding the first tailflick may have

evolved to overcome the drag created by the setae-laden

exopodites, appendages specific to the larval stages; an

initial tailflick of greater force may serve to passively

streamline the exopodites and increase the displacement

achieved by subsequent tailflicks. This hypothesis is sup-

ported by our finding that all of the larval stages travel

significantly farther as a result of the second tailflick.

whereas the first MGflick of stage IV animals, which lack

exopodites, carries them significantly farther than the sec-

ond flick. The comparison between ADI C. destructor and

the larval stages also supports this hypothesis. ADI animals

lack exopodites, have abdominal lengths similar to stage I

larvae and significantly shorter than larval stages II and III,

yet are able to travel farther (2.8-6.5 times) on the first

tailflick. However, these comparisons of the tailflicking

distance traveled by ADI C. destructor, stage IV H. ameri-

canus, and the larval stages must be made with the knowl-

edge that these tailflick behaviors have different underlying

neural mechanisms.

Because the hyperextended position is held for such a

long time preceding flexion (127 7 ms), therefore delay-

ing displacement, the putative advantage it confers to

streamlining the exopodites comes at a cost to a budget of

total tailflicking time. Hydrodynamic factors are dominant

features of the planktonic environment. Some feeding fish

generate a bow wave that can carry material momentarily

away from their bodies, the rate of water flow being depen-

dent on the speed of approach (Lauder and Clark, 1984).

Lobster larvae have been found in a number of fish and

diving birds that would certainly produce a bow wave

(Ennis, 1995). An initial sail-like hyperextension held by a

larva for extended periods in response to an appropriate

stimulus might increase the probability that the animal

would be carried off in the bow wave of larger predators,

thus conferring a selective advantage. Subsequent nondirec-

tional NonG tailflicks could then help to keep the animal

within any locally moving body of water, and would in-

crease the handling time (in this case the time spent pursu-

ing an individual larva) for visual predators.

In H. americanus, stage IV is considered to be the stage

at which a benthic life is adopted. However, stage IV

postlarvae are excellent swimmers and are found in the

water column. The evidence concerning the proportion of

time they spend in the water column as opposed to associ-

ated with the bottom is fragmentary (Ennis, 1995). One

might have predicted that this transitional stage would ex-

hibit some sort of transitional behavior: planktonic animals

are faced with threats that can come from any direction in

the surrounding sphere of water, whereas benthic ones deal

largely with threats in the upper hemisphere, for which adult

tailflicking is clearly appropriate. It is therefore interesting

that stage IV has essentially adult escape behavior, albeit

with different thresholds for activation (Lang et al., 1977).

ADI crayfish, in our holding tanks, spend more time on the

bottom or on protruding objects than swimming. In this
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20 30 40 50

Stimulus number

h inure 8. (A-D) Habitualion of Homants americanus stages I l\ i

repealed stimulation at 1-min intervals. Three stimulus intensities were used

and the results [xxiled for each developmental stage. Groups of six aniin.iK

were stimulated 20 times at each stimulus intensity, and three animals from

each group were stimulated a further 40 times. Although there is no siginlu .mi

difference between the four stages of//, americamix, the Hrml tow.nds faster

and more predictable hahituation is clear through the increase in r values with

developmental tag I In tu-ml suggests that the rale of hahiluation increases

and becomes more predictable as animals grow. Fitted curves are logarithmic.

(E) Habituation of Cherax destructor (ADI) to repeated stimulation at l-min

intervals. Three stimulus intensities were used and the results pooled. Groups
of six animals were stimulated 20 limes al each stimulus intensity, and three-

animals from each group were stimulated a further 40 times. The relatively low

r
2

value indicates tli nine thai differs significantly from

the overall avcrap Klicks; i.e., the mean number of tailtlicks is

as good a descn; ihe lilted logarithmic curve.

respect, our result i both stage IV lobster post-

larvae and ADI cra> more benthic than pelagic, bin

a more finely grained , with later stages might

reveal Mibtle differences in these early developmental

stages.

Our water jet stimulus did not always elicit a starburst

spouse, but it did so with sufficient frequency that this

response probably plays some part in the survival of the

animals. Phillips and Olsen (1975) described a similar be-

havior in response to a touch stimulus by the pelagic

puerulus larva of the Western rock lobster (Panulirus

longipes) in which the animal "spreads its antennae to an

angle of approximately 60 and the legs, abdomen and

tailfan are also extended, while the animal remains motion-

less." Zoea larvae of the estuarine crab Rhithropanopeus
harrisii also flare their antennal spines and flex their abdo-

mens back over their carapace in response to a threatening

stimulus (Morgan, 1987). Morgan showed, furthermore,

that removal of the spines on zoea increases the probability

that they will be eaten by small fish with a gape about the

size of the larvae. We hypothesize that H. americanus

larv ae adopt the starburst posture as an antipredatory device,

a theory supported by the observation that the numerous

spines sculptured into the exoskeleton of the larval stages

ha\e been lost in stage IV animals, which do not exhibit the

starbursi behavior (Fig. 4).

These aspects of the lailflicking behavior of //. america-

iin\ larvae contrast sharply with those of stage IV lobsters

and ADI crayfish. Both of these stages have essentially the

same body form as their adult, although the proportions can

be very different (Lang et til.. 1977) and. like the adult, they

can execute a short-latency, directional response to threat-

ening stimuli approaching anteriorly or posteriorly.

Our investigation into habituation is preliminary. From

the extensive literature on habituation of lailflicking in

crustaceans, we selecled only a few aspects that one might

expect to he different because of the differing ecology of the

lai\.te and adults. Our data confirm earlier results (Lang el

al., 1977: Fricke. 1984. 1986) suggesling lhat habilualion is

an aspect of escape behavior in which one might expect to

find subtle differences that ha\e profound effects on the

selective advantage to the animal. The larval and first post-

larval stage of the lobster and the ADI of the crayfish will

continue to lailllick to our ihrealening stimuli indefinitely.

I 'here arc two possible explanations for this lack of hahit-

uation: there is no refuge in the plankton, and defensive

behaviors are not likely to be effective against the types of

predators that these animals face. The obvious conclusion

from the results of ihe habilualion experiment is that these

animals cannot afford to habituale to this type of stimulus in

the wild. Our results also predict that as later stages become

equipped with larger chelipeds. the rate of habituation will

gradually increase. This hypothesis is consistent with the

work of Lang et al. (1977), who showed that smaller ani-

mals arc more likely to employ escape behavior than larger

animals, who are more likely to defend themselves.

The lack of CiF lailllicks in the larval stages of //. aineri-
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canux, despite the presence of large MGfibers, agrees with

the work of Davis and Davis (1973). who recorded no giant

fiber activity during rhythmic escape tailflicking induced by

visual stimuli in semi-intact animals. Since the neuromus-

culature machinery for MG tailflicks is demonstrably

present, a number of questions remain to be addressed. Are

the MGfibers ever active in larval animals? At what stage

do the LG fibers develop? What is the nature of the switch

to GF tailflicks that occurs shortly after or during the molt

from stage III larvae to stage IV postlarvae? These unre-

solved issues suggest that investigation of the development

of the neural circuitry of this well-studied behavior is likely

to be useful.

Our results provide a clear example of the way in which

the different selective pressures operating on larval and

adult forms within a species result in different behavioral

outputs in response to similar sensory stimuli activating

parallel neuromuscular systems. The differences between

the species studied illustrate the way in which both the

timing and the details of related behaviors can diverge

markedly in related forms, again in response to a history of

differing ecological and physiological conditions. Wepro-

vide preliminary evidence for the neurobiological basis of

some of the evolutionary changes, but this is an area that

invites further investigation.

Acknowledgments

We gratefully acknowledge all manner of generous as-

sistance from Dr. Rainer Voigt, without which the project

would not have been possible. Our thanks also to Drs.

Arthur Humes and Ken Forman for the loan of equipment,

to Dr. C. K. Govind for advice on larval development, to

Drs. E. A. Kravitz and T. J. Trott for helping us obtain

lobster larvae, and to M. J. Keough for statistical advice.

The larvae used in the project were supplied by the New

England Aquarium Lobster Rearing Facility, Boston, Mas-

sachusetts, which is sponsored by NIH, NSF, and the Hu-

man Frontiers Project. We thank the staff there for their

willing cooperation. The work was supported by a grant

from the Australian Research Council to DLM at the De-

partment of Zoology, University of Melbourne.

Literature Cited

Cooke, I. R. C. 1985. The neuronal mechanism underlying leg move-

ments during crayfish escape. 7. E.\p. Biol. 118: 367-377.

Cooke, I. R. C., and D. L. Macmillan. 1985. Further studies of crayfish

escape behaviour. I. The role of the appendages and the stereotyped

nature of non-giant escape swimming. J. Exp. Biol. 118: 351-356.

Davey, N., and D. L. Macmillan. 1991. The role of the legs in the lateral

giant fiber escape of the crayfish Cherax destructor (Crustacea: Deca-

poda: Astacura). 7. Exp. Zool. 259: 279-286.

Davis, W. J., and K. B. Davis. 1973. Ontogeny of a simple locomotor

system: role of the periphery in the development of central nervous

activity. Am. Zool. 13: 409-425.

Edwards, D. H., W. J. Heitler, and F. B. Krasne. 1999. Fifty years of

a command neuron: the neurobiology of escape behavior in the cray-

fish. Trends Neurosci. 22: 153-161.

Knnis, G. P. 1995. Larval and postlarval ecology. Pp. 23-46 in Biology

of the Lobster Homarus americanus. J. R. Factor, ed. Academic Press,

San Diego.

Fricke, R. A. 1984. Development of habitation in the crayfish due to

selective weakening of electrical synapses. Brain Res. 322: 139-143.

Fricke, R. A. 1986. Structure function considerations in the development

expression of crayfish behavioral plasticity. Proc. IEEE Int. Conf.

Systems, Man and Cybernetics, 1: 513-518.

(...vind. C. K., and F. Lang. 1976. Growth of lobster giant axons:

correlation between conduction velocity and axon diameter. 7. Comp.

Neurol. 170: 421-434.

Haury, L. R., and H. Yamazaki. 1995. The dichotomy of scales in the

perception and aggregation behavior of zooplankton. 7. Plankton Res.

17: 191-197.

Herrkk, F. H. 1909. Natural history of the American lobster. Bull.

Bureau Fish. (USA) 29: 4(18.

Hill. R. H., and C. K. Govind. 1984. Larval innervation of the lobster

claw closer muscle. 7. 171. Zool. 229: 393-399.

Keough, M. J., and B. J. Downes. 1982. Recruitment of marine inver-

tebrates: the role of active larval choices and early mortality. Oecologia

54: 348-452.

Krasne, F. B., and K. S. Woodsmall. 1969. Waning of the escape response

as a result of repeated stimulation. Anini. Beluiv. 17: 416-424.

Lang, F., C. K. Govind, W. J. Costello, and S. I. Greene. 1977.

Developmental neuroethology: changes in escape and defensive behav-

ior during growth of the lobster. Science 197: 682-684.

Lauder, G. V., and B. D. Clark. 1984. Water flow patterns during prey

capture by teleost fishes. J. Exp. Biol. 113: 143-150.

Laverack, M. S., D. L. Macmillan, and D. M. Neil. 1976. A comparison

of beating parameters in larval and post-larval locomotor systems of the

lobster Homarus gammanis (L.I Philos. Trans. R. Soc. Loud. 274: 87-99.

Lenz, P., D. Hartline, J. Purcell, and D. L. Macmillan. 1996. Zoo-

plankton: Sensory Ecology and Physiology. Harwood Scientific, Am-

sterdam. 590 pp.

Macmillan, D. L. 1997. Development of the motor system in the limbs

of larval lobsters (Homarus amcncami\). Biol. Bull. 193: 257-258.

Macmillan, D. L., D. M. Neil, and M. S. Laverack. 1976. A quantita-

tive analysis of exopodite beating in the larvae of the lobster Homarus

gammarus (L.). Philos. Trans. R. Soc. Lond. 274: 69-85.

Mittenthal, J. E., and J. J. Wine. 1973. Connectivity patterns of cray-

fish giant interneurons: visualization of synaptic regions with cobalt

dye. Science 179: 182-184.

Morgan, S. G. 1987. Morphological and behavioural antipredatory ad-

aptations of decapod zoeae. Oecologia 73: 393-400.

Neil, D. M., D. L. Macmillan, R. M. Robertson, and M. S. Laverack.

1976. The structure and function of thoracic exopodites in the larvae

of the lobster Homarus gammarus (L.I Philos. Trans. R. Soc. Lond.

274: 53-68.

Newland, P. L., and D. M. Neil. 1990. The tail flip of the Norway

Lobster, Nephrops norvegicus. Giant fibre activation in relation to

swimming trajectories. J. Comp. Physiol. 166: 517-527.

Phillips, B. F., and L. Olsen. 1975. Swimming behaviour of the pueru-

lus larvae of the western rock lobster. Aust. J. Mar. Freshwater Res. 26:

415-417.

Sandeman, R., and D. Sandeman. 1991. Stages in the development of

the embryo of the fresh-water crayfish Cherax destructor. Roux 's Arch.

Dev. Biol. 200: 27-37.

Schmitz, B. 1992. Directionality of antennal sweeps elicited by water jet

stimulation of the tailfan in the crayfish Procambarus clarkii. J. Comp.

Physiol. 171: 617-627.

Shrameck, J. E. 1970. Crayfish swimming: alternating motor output and

giant fiber activity. Science 169: 698-700.



318 D J JACKSONAND D. L. Mv. MM1 \\

I mharh. ,1. V. and K. Lang. 1981. Synaplic interaction between the \\iiu-. .1. .1.. and F. B. Krasne. 1982. The organization of escape behav-

giant mtemeuron and the giant motorneuron in the hermit crab. Pagu- lour in the crayfish. J. E.\p. Biol. 56: 1-18.

ms pollicants. Comp. Biochem. Physiol. 68A: 49-53. Wine, J. J., and F. B. Kra_sne. 1972. The cellular organization of

\\int-. J. J. 1984. The structural basis of an innate behavioural pattern. ^i.iUixh escape behavior. Pp. 241-292 in The Biology of Crustacea.

J. Exp. Biol. 112: 283-319. \'nl. J. Neural Integration and Behavior. D. C. Sandeman and H L

\\ine. J. J.. and F. B. Krasne. 1969. Independence of inhibition ,M Alwood. eds. Academic Press. New York.

habituation in the crav fish lateral giant fiber escape reflex Pp. 2. Wine, J. J., F. B. Krasne. and L. Chen. 1975. Habituation and mhibi-

m Proceedings of the 77th Annual Convention. American P> tion of the crayfish lateral giant fibre escape response. J. E\p. Biol. 62:

ical Association. Washington. DC. 771-782.


